We obtain 3-D V p and V p /V s from 8 to 70 km depth along the northern Hikurangi subduction zone, New Zealand, where the downdip limit of interseismic coupling is shallower than 15 km, and where both large shallow slow-slip events (SSEs) and small deep SSEs have been observed. Onshore-offshore marine-seismic data were incorporated, which greatly improved constraint of shallow velocities and the plate interface (PI) zone velocity structure. We also selected 2600 spatially distributed earthquakes, including seismic data from the upgraded permanent seismometer network, as well as seismic data from temporary networks deployed in 1993-1994, 2001 and 2011-2012. Our method used earthquake differential times and receiver differential times with gradational inversions.
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Geodetic analyses by Wallace et al. (2004) show that interseismic plate coupling is largely bimodal, with strong coupling in southern Hikurangi changing sharply near Cape Turnagain to weak coupling and aseismic slip in central and northern North Island. The coupling shows some complexity in the northern section, with a zone of moderate plate coupling extending onshore north of Gisborne (Wallace et al. 2004) . Consideration of slow slip behaviour has shown a wider range of slow-slip events (SSEs) than observed in many other subduction zones (Wallace et al. 2012) . Deep (30-50 km) longduration (1-2 yr) SSEs are observed in the southern Hikurangi margin, downdip of strong interseismic coupling. In comparison, along the central and northern Hikurangi margin shallow (<15 km depth) short-duration (2-3 week) SSEs occur ( Fig. 1) , with some of the larger slip SSEs occurring in an area centred offshore north of Mahia Peninsula (Bartlow et al. 2014) . Small deep (25-45 km) moderate-duration SSEs occur along the central-northern weakly coupled section, far deeper than the shallow (<10 km depth) transition to moderate coupling (Wallace & Eberhart-Phillips 2013) .
Fluid properties are likely to be a factor in PI deformation, as the subduction system cycles large amounts of water (Faccenda 2014) . In the southern North Island, Reyners & Eberhart-Phillips (2009) have inferred that the region of deep strong interseismic coupling occurs where the PI is sealed and high fluid pressure builds up from relatively small amounts of dehydration fluid which are unable to cross the PI, and adjacent weaker coupling occurs where slab fluids cross the PI and the PI has stable fluid pressure that may be high if fluids are abundant. In Japan and Cascadia SSEs and tremor occur at downdip transitions from strong coupling (∼30 km depth) and have been related to high fluid pressure (Kodaira et al. 2004; Peacock et al. 2011) . In the borderline zone of transitional friction and neutral stability, numerical models (Liu & Rice 2005 , 2007 obtain SSEs when there is low effective stress from high pore pressure. Segall et al. (2010) further show that dilatancy can promote larger SSE's, and is influenced by shear zone width, fracture permeability, and fluid properties of the surrounding medium.
In this study, we seek to determine detailed seismic properties of the northern Hikurangi margin to investigate factors that may influence subduction thrust behaviour, expanding on a recent study along the southern Hikurangi margin (Eberhart-Phillips & Reyners 2012) . Previous seismic velocity and attenuation studies in northern Hikurangi indicated underplated sediment, northeastern thinner upper plate crust, and high V p /V s in the vicinity of the shallow PI Eberhart-Phillips & Chadwick 2002) . Over the past decade the permanent seismic recording network has been greatly expanded and upgraded (Gale et al. 2014) and additional temporary stations have been deployed, allowing improved resolution for seismic tomography. Using offshore marine seismic profiles, Bassett et al. (2010) have examined the structure of the Raukumara Basin and East Cape Ridge, showing the transition to oceanic crust and regions of underplated sediment, while Bell et al. (2010) , in a comprehensive analysis of numerous east coast marine seismic profiles, have interpreted regions of subducted sediment and seamounts. The availability of these marine seismic data allows us to also incorporate onshore-offshore data, where airgun sources were recorded at onshore sites, enabling distributed 3-D sampling of the shallow structure.
D ATA
The permanent seismic network in New Zealand has developed over the last 20 yr from the initial digital instrumentation to a comprehensive network (GeoNet; www.geonet.org.nz; Petersen et al. 2011; Gale et al. 2014) with denser station coverage, and now using a combination of broadband, short-period, and strong-motion stations. There have also been numerous temporary deployments for regional studies, and these data have been incorporated in previous 3-D velocity studies. The combined results provide a New Zealandwide 3-D velocity model (Eberhart-Phillips et al. 2010) . The combined station distribution is shown in Fig. 2(a) . In our study area most GeoNet stations were operational by July 2010. We have emphasized the more recent data in our selection process, although we have included older data when it improves the spatial distribution. Temporary networks were deployed in this region in 1993-1994, 2001 and 2011-2012 . For selection we required events to have at least eight observations and minimum earthquake magnitude of 1.8. In total we selected 2580 spatially distributed earthquakes from 0 to 150 km depth (Fig. 2b) . We have included some offshore earthquakes in order to sample across the target regions, similarly to many other studies of island regions (e.g. Tsuji et al. 2008; Calo et al. 2012; Collings et al. 2012 ) which included earthquakes ∼100 km offshore. Weakly constrained offshore hypocentres comprise less than 5 per cent of the selected earthquakes and exert influence on the far-offshore portion of the study area below 20 km depth, as the shallower section is constrained by active-source data. In the long-term, improved offshore resolution may be obtained if OBS are installed.
The method uses earthquake differential times (edt) to improve spatial resolution near groups of earthquakes (Eberhart-Phillips & Reyners 2012). To form earthquake groups, we use a binning and selection program which splits a region into overlapping boxes, of specified dimension, bins all the available earthquakes into those boxes, and selects a group from each box for the velocity inversion. The bins have 20 per cent overlap so hypocentres can fall into multiple bins, and the selection of a particular hypocentre is limited to two times. The selection parameters are the minimum distance between events, and the minimum and maximum number of events in a group. We used a minimum interevent distance of 3 km, and allowed 8-35 earthquakes in each group. Binning was done at three scales and resulted in 183 earthquake groups. The primary bin dimension was 25 km. The region offshore has fewer earthquakes and no nearby stations, and thus we used a larger dimension of 35 km offshore. Finally, we selected edt earthquake groups at a smaller size with 12 km bins, using the earthquakes that were not included in the previous selection. For each stage of the inversions, a preliminary run was done to enable data evaluation, and the few events that had poorly-constrained hypocentres were removed. We additionally included 326 earthquakes as standard single-event data for regions where there were too few earthquakes to form groups.
Active source data were available from offshore airgun profiles of the 2005-05CM marine seismic survey (Bell et al. 2010) that were recorded at 11 onshore stations (Fig. 2c) . We formatted the onshore-offshore data as shot gathers for traveltime picking, with the onshore station being assigned as the source and the airgun locations being assigned as stations. We picked 1791 good quality P arrivals from these active-source data, and incorporated bathymetry corrections. The derived traveltimes help to constrain the velocities in the offshore sedimentary structure and upper crust. There were no S arrivals picked for the offshore-onshore seismic data, so the offshore region is much better constrained for V p than V p /V s .
M E T H O D
Arrival times of local earthquakes and shots were used in a simultaneous inversion for hypocentres and 3-D P-velocity and V p /V s Onshore-offshore data Williams et al. (2013) . The rectangle shows the study area. (b) Earthquakes used in the velocity inversion, depths: red diamonds, 0-20 km; yellow circles, 20-50 km, blue triangles; 50-150 km. Labels give y-axis coordinates. (c) Onshore-offshore data distribution from marine air-gun shots recorded at onshore stations. (Thurber & Eberhart-Phillips 1999) , solving for velocity on a 3-D grid of nodes with velocity linearly interpolated between nodes, and allowing flexible gridding through linking of nodes. The velocity is obtained by damped least squares, using LU decomposition to obtain a solution that has few artefacts and stays close to the initial model where there is little resolution. The full resolution matrix is calculated. For this study we used the Simul2010 code that incorporates edt and receiver differential times, to increase resolution near earthquake hypocentres and at shallow depths near stations (Eberhart-Phillips & Reyners 2012).
We also incorporate flexible gridding and averaging in the inversion process, in order to obtain a reasonable model both in areas of dense and sparse data coverage. Previous New Zealand-wide and southern Hikurangi models (Eberhart-Phillips et al. 2010; EberhartPhillips & Reyners 2012 ) are used as the initial velocity model and form the 3-D model outside the study area (Fig. 3) . With a regional model that covers an area broader than our study area, we can include stations outside of the inversion area without being concerned about peripheral artefacts. The velocity inversion grid area is shown in Fig. 2 . The orientation of the inversion grid was chosen with the y-axis parallel to the strike of the subduction zone (040 • ). The y-axis is positive to the southwest and the x-axis is positive to the southeast. Initially six inversions were carried out without the edt data on the NZ-wide grid with different autolinking, such that master and slave nodes were assigned in different ways, and then averaged the results. Averaging can mitigate the effect of arbitrary spatial patterns related to placement of enlarged blocks. This NZ-wide grid model (NPI-A) achieved a 92.6 per cent reduction in data variance, largely because the region densely sampled by the onshore-offshore data was poorly constrained in the initial 2010 NZ-wide model. In the next stage we included the edt data, and carried out four inversions on a medium grid, with two staggered grids and different linking, and averaged the results (NPI-BC). Next we did two inversions on the fine grid with different linking and averaged the results. The fine grid has 3-km-grid spacing in the slab-normal direction. The final fine grid model (NPI-D) included additional iterations for the upper 3 km grids, and achieved a 48.2 per cent reduction in data variance relative to the coarser grid (NPI-A).
Using the derived final model, we have relocated all earthquakes from 2001 to 2011 along the Hikurangi margin. These relocated hypocentres should be more accurate and appropriate to compare to the velocity patterns. For well-constrained hypocentres compared to the NZ-Wide locations (Reyners et al. 2011) , on average the relocations have reduced rms residual by 0.03 s. There is no systematic change in hypocentres, with most having less than 1 km change, and 5 per cent having 3 km or more change.
R E S U LT S
The 3-D model is shown in map views at 3, 8, 15, 30 and 42 km depth in Fig. 4 , and in cross-sections in Fig. 5 . The southwestern onshore area in Fig. 4 was obtained in an earlier related study (EberhartPhillips & Reyners 2012) . Inversion hypocentres near each depthsection are shown and the lines indicate the limits of resolution in this study. In the cross-sections, the relocated earthquakes from 2001 to 2011 are also shown to allow interpretation of seismicity. In order to show an approximate PI, we plot the interface estimated by Williams et al. (2013) , which is a smooth surface fit to active seismic reflection profiles and to presumed slab seismicity and is not derived from the 3-D velocity results.
In the overlying plate, the pattern of the derived V p has similarity to geologic features. There are higher V p regions for the uplifted Kaimanawa and Raukumara Ranges, and there is lower V p throughout the eastern region. Offshore there is overall low V p , with several areas having especially low values (<3 km s -1 at 3 km depth). Where the PI is shallower than 20 km, the overlying plate generally has high V p /V s , with a few areas of very high V p /V s and low V p . Yet there are also two distinct high V p features (C, D). There are also pronounced changes to higher V p and moderate V p /V s south of Cape Kidnappers. The slab is imaged as an extensive high V p (8-8.75 km s -1 ) feature, with lower V p near the East Cape Ridge. The velocity reduces to <7 km s -1 through the slab crust, with a sharp gradient near the PI. The crust of the subducted slab generally has high V p /V s and the slab mantle has regions of high V p /V s and low V p /V s . 1 .7 7 5
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Resolution
The full resolution matrix is also calculated. Resolution of the 3-D model is shown in Fig. 6 for the map views in Fig. 4 . The resolution matrix describes the distribution of information for each node, such that each row is the averaging vector for a parameter, and is summarized in the spread function (Michelini & McEvilly 1991) , which describes how strong and peaked the resolution is for each node. The reliability of features in the 3-D inversion can be evaluated from the spread function (SF). For low values of the spread function (SF < 2.5) the model V p or V p /V s is representative of the volume surrounding a given node-that is, the volume between that node and adjacent nodes. Nodes with moderate SF values (2.5 <SF <3) have acceptable resolution, but may be averaging a larger volume, and small features may not be imaged or may appear as broad features. Nodes with SF values in the 3-3.75 range have meaningful velocity patterns, but the size of the velocity perturbations may be smaller than the actual velocity heterogeneity. Fig. 6 shows the resolution for a medium-fine grid which had 7-km-grid spacing. The SF = 2.5 contours are drawn on the velocity figures, which can be considered the limit of adequate resolution for interpretation. The V p model has little smearing in the PI region from 15 to 50 km depth, showing uniform good resolution with SF < 2.2. Since there are relatively few earthquake sources above 15 km depth, the shallowest depths have higher SF and vertical smearing over the upper 8 km. V p is well resolved by the edt data which require high quality observations, and relatively few S arrivals have adequate quality for computing edt data. The large part of the PI where there is distributed seismicity has excellent resolution with SF < 1, on the grid with node-spacing less than 5 km. The V p /V s has acceptable resolution, but is not as good as V p . However note that the smearing distances are small, at ∼5-10 km. Thus we can interpret patterns of V p and V p /V s in the PI region as spatially representative below shallow depths. Offshore, as the PI shallows above 15 km depth, the shallow seismicity provides some resolution but there is lateral smearing and the shallowest offshore area is generally not well sampled in V p /V s . In the overlying plate below 35 km depth, there is adequate resolution yet spatial resolution will be degraded relative to the PI region.
Synthetic model
To further evaluate resolution, a synthetic model was created with some simplified subduction zone features. This synthetic model has sharp boundaries on a fine grid so that the features cannot be Downloaded from https://academic.oup.com/gji/article-abstract/201/2/838/577900 by guest on 24 January 2019 obtained exactly, and hence the test inversion allows us to evaluate how well such features are resolved. As shown in Fig. 8(upper) , the synthetic overlying plate has regional boundaries coarsely mimicking terrane boundaries and an uplifted Raukumara block with thick underplated sediment, and with thinner crust in the northwestern Raukumara and offshore. The synthetic model also has two discrete high-velocity blocks onshore, and three zones of very high V p /V s along the coast. Offshore, low velocity and high V p /V s blocks are placed in the regions of the HRZ-inferred subducted sediment. The slab shape follows the slab shape of Williams et al. (2013) , and has a change to thinner oceanic crust in the north and northwest similar to the inferred edge of the Hikurangi Plateau. The slab mantle has a block with high V p /V s and a block with low V p /V s (Fig. 9) . Synthetic traveltime data were created for the same events as the actual data. Error with standard deviation of 0.05 s for P, and 0.08 s for S-P, was added to the synthetic traveltime data. A 1-D initial model was used for the synthetic data, whereas the actual inversion started with the NZ-wide 3-D model as the initial model. For the synthetic data, we first ran coarse 2-D and coarse 3-D inversions to form a regional initial model. Then we ran a series of inversions, similar to the inversions on the actual data.
The slab is imaged well in the onshore areas with V p in the crust near to the synthetic values (Fig. 9) . The gradient at the PI is sharp where there are earthquakes and where V p resolution is provided by the onshore-offshore data. Near the offshore limits of V p resolution, the shape of the PI is reasonable but the gradient becomes broad and the lower crust and mantle of the slab have lower velocities than the model. The shape of the slab surface at 30 km depth (Fig. 8g) is similar to the synthetic model, however the patchiness of the mantle high velocities at that depth is not realistic and reflects smearing of shallower lower velocity (e.g. Mahia Peninsula, Fig. 9f ). Where the slab underlies mantle, the synthetic model shows the slab crust as a low-velocity zone (x < 50), which is weakly imaged in the inversion results. This has a change at y = -653 (Fig. 9a) to the thinner oceanic crust, and a similar change is shown in the inversion. There is less S-P data than P data and the V p /V s has poorer resolution than V p , particularly offshore. The V p /V s in the imaged slab crust is broader than the synthetic model and has smearing along the ray paths. The low and high V p /V s blocks in the slab mantle are imaged in the correct locations and depths but have weaker anomalies than the synthetic model (Figs 8 and 9) .
The inversion results for the overlying plate show the input features with broader gradients and some vertical smearing. The Raukumara block, which has strong velocity contrasts, is obtained in the correct location and shows the low velocity zone in the lower crust (Figs 8e and 9d) . The coastal terrane along the north and east coast is obtained with a broader gradient. The central terrane with slightly lower V p and high V p /V s , relative to the western terrane, is similarly obtained (Figs 8e, f and 9f) . The high velocity blocks are imaged at the correct locations, but without sharp edges (Figs 8e  and 9f) .
The discrete high V p /V s blocks at the base of the overlying plate are found centred at the correct locations, but also have high V p /V s between them and their offshore extent is not retrieved (Fig. 8f) . There is upward vertical smearing of the high V p /V s in some areas, because of the near absence of upper crust seismicity (Fig. 9) . The high V p /V s blocks are not smeared downward. The offshore blocks of low V p and high V p /V s , analogous to the HRZ-subducted sediment, are clearly imaged in V p (Figs 8e and 9d-f) , because of the onshore-offshore seismic data. However the blocks are only weakly observed in V p /V s . Thus we cannot tell the offshore extent of any V p /V s anomalies.
D I S C U S S I O N

Structure of the subducted Pacific Plate
The top 40-50 km of the subducted Pacific Plate is imaged with high velocity and strong gradients in the upper crust, and velocity contours generally parallel to the PI (Fig. 5) . The top of the plate can be approximated by the top of the seismicity in the oceanic crust. The lines plotted on the cross-sections (Fig. 5) show a smooth fit to the seismicity and offshore active-source results (Williams et al. 2013) , and do not represent the velocity model. The actual PI may be less smooth, but it is unlikely to vary by more than 4 km from the smoothed result. The bottom (already subducted) edge of the Hikurangi Plateau, as estimated by Reyners et al. (2011) is at about 50 km depth (at the PI) in the northern section, from y = -653 to -573 (Figs 5a-c) , while further south it extends to over 100 km depth. The less buoyant normal oceanic slab, below 50 km depth, dips more steeply, as seen in Fig. 3(a) .
The velocity of the subducted oceanic crust near the PI is ∼6.0-6.5 km s -1 , from 10 to 40 km depth. The velocity increases to 8.0 km s -1 over a thickness of 12-18 km. The thick Hikurangi Plateau crust is estimated to be ∼35 km thick, with its lower crust transformed to eclogite (Reyners et al. 2011) , which is imaged here with V p > 8.5 km s -1 . Some seismicity extends over 35 km below the PI and may be in the subducting mantle, although the base of the eclogite crust is not clear.
The V p /V s in the lower crust of the subducted slab is varied, with some moderate to slightly low areas in the northern section (Figs 5a-f). In the Hawke Bay and southern sections, there is a zone of high V p /V s beneath the 15-30 km depth PI (Figs 5g, h and 7b ). This may indicate high fluid pressure across the slab and, along with stronger plate coupling, may indicate trapped dehydration fluid resulting from an impermeable PI, as suggested by Reyners & EberhartPhillips (2009) .
The derived velocities shown in Fig. 4(i) show that the velocity changes where the slab surface is over 40 km depth, as the upper oceanic crust forms a low-velocity zone (∼7.5 km s -1 ) between the overlying mantle and the deeper subducted slab. As the oceanic crust is defined by seismicity, it can be seen that this low velocity is associated with the subducted oceanic crust (Fig. 5) . Widespread serpentinization of the forearc mantle has been inferred in Cascadia (Brocher et al. 2003) . Our results in northern Hikurangi show a 10-20-km-wide zone at the mantle corner, at ∼38 km depth, with V p < 7.25 km s -1 (Fig. 5) , which could potentially represent serpentinization, although not as broad and widespread as observed in Cascadia. In Hikurangi, there is likely some forearc mantle serpentinization, but there are also numerous features showing evidence of fluid migration within the subducted slab and into the overlying plate, as well as some areas showing accumulation of thick overpressured subducted sediment. In contrast the Cascadia forearc crust is considered relatively impermeable, such that the forearc corner is a primary site for accumulation of dehydration fluid (Peacock et al. 2011) .
Structure of the overlying plate
Results from the 3-D seismic tomography analysis show velocity patterns that may be associated with known geologic features. Low V p offshore is observed offshore for the sedimentary wedge, inferred as pervasively-fractured rock and mudstone by Bassett et al. (2014) (Figs 4a and b) . The region of high V p and moderately low V p /V s in the upper crust (Figs 4a-e) ( Fig. 1) , which is the region of the uplifted Raukumara Range. The adjacent area with moderately low V p and highly variable V p /V s matches the ECA, within which there are two regions of high V p , labeled C and D in Fig. 4(b) . Feature C is most evident at 8 km depth, where it is about 40-km-long and trends northwest in line with the exposed Matakoa volcanics. This feature most likely represents a block of Cretaceous volcanics, as modelled by Hunt & Glover (1995) from an observed magnetic anomaly. Block C has moderate V p /V s and appears to limit the region of high V p /V s . Feature D, located west of the Mahia Peninsula, which has high V p at 8 km depth and moderate V p /V s (Figs 4b and e) , may also represent volcanics within the ECA, as it matches the Motere magnetic anomaly. Crustal seismicity occurs near both of the high V p , magnetic features C and D (Figs 5b and f) , suggesting that the discrete locations of relatively strong contact between the upper and lower plates may lead to stress concentration. In cross-section (Fig. 5a ), the Matakoa volcanic block bounds low-velocity material (B2), similarly to the offshore feature B1, which Bassett et al. (2010) observed from seismic reflection and refraction data and interpreted as underplated material.
We infer the presence of underplated sediment from the presence of Feature E (Fig. 5c) , beneath the Raukumara Range, as also observed previously by from seismic data, and inferred by Walcott (1987) , who suggested that progressive underplating of subducted sediment from below greatly thickens the overlying plate and leads to the uplift of the range. inferred that thinner Australian crust in this location resulted in shallower depths for the upper plate mantle, shown by the relatively high velocity at 23-30 km depth adjacent to underplate E (Fig. 4h) . The change in crustal thickness is imaged well in only one spot because of poorer resolution offshore, as found in the synthetic results (Figs 8c and g ). Using magnetotelluric data Heise et al. (2013) have also shown a conductive layer consistent with underplated sediment, also in the vicinity of feature E. Such underplated sediment would derive from a subducting sediment channel extending from the shallower PI that could not progress further downdip against the relatively strong mantle. Low Q (1/attenuation) observed in that area (Eberhart-Phillips & Chadwick 2002 ) is consistent with fluid-rich sediment, with compaction creating high fluid pressure beneath the uplifted region, as also indicated by the high V p /V s at 30 km depth (E, Fig. 4k ).
Subducted sediment in the Gisborne section
Extending north from Gisborne, there is a 70-km-long zone of high V p /V s and low V p , which is labelled A in Figs 4(b) -(e). In crosssections (Figs 5c and d) this high V p /V s feature is most pronounced near the PI, but also extends into the overlying plate, with a relatively sharp boundary downdip. We cannot be sure of the updip extent of the high V p /V s feature, as the high V p /V s extends offshore, as far east as the inversion can resolve. The V p model however is resolved further to the east than V p /V s , as the inversion incorporated offshore-onshore (P-wave active source) data, and V p further updip is clearly low throughout most of the overlying crust, down to the PI (Figs 5a-e) . The location and extent of zone A is very similar to the conductive feature found by Heise et al. (2013) , which they interpreted as a thick layer of conductive sediments.
Along strike the high V p /V s (Figs 4b-e, feature A) appears bounded by the high V p volcanic features C and D. Heterogeneities in the upper plate will influence the PI and sediment subduction, especially in a region of subduction erosion such as the northern Hikurangi margin, and strong blocks in the upper plate will resist erosion, influencing sediment subduction and thus the specific location of the PI thrust (e.g. von Huene et al. 2004) . The limits of feature A are shown on an along-strike cross-section in Fig. 7 . Close to the PI the V p /V s of the feature is ∼1.95 and the V p is ∼5.5 km s -1 (Figs 4g and j) , which may represent an area of subducted sediment greater than 2 km thick, possibly dewatering to create high fluid pressure in the overlying crust. On the margins, near interpreted volcanics C and D, there is some focused seismic activity in the overlying plate; the fracturing associated with that seismic activity may be facilitating fluid escape and moderation of high fluid pressure. All along strike the PI itself appears to be mostly aseismic, even where there are earthquakes in the overlying crust, except for isolated patches (e.g. Fig. 7a , Y = -380 to -410 km). Offshore, where the PI is 5-15-km-deep, high-reflectivity zones have been observed from marine seismic reflection profiles by Bell et al. (2010) , which they interpreted to represent several areas of thick subducted sediment on the incoming plate. These high reflectivity zones tend to be thickest adjacent to and downdip of subducted seamounts (Fig. 1) . In their interpretation the PI is considered as a relatively impermeable layer above the subducted sediment. The westward extent of these zones is unclear but they appear to thin westward away from the seamounts. The largest region of subducted sediment, (HRZ-2 in Fig. 1) , is up to 4 km thick, while some other areas have little apparent subducted sediment, leading to considerable topography on the shallow PI. Bell et al. (2010) infer that the sediment channel acts as a fluid transport component in the subduction system, as fluid accumulates from dewatering and deeper oceanic crust dehydration, and with the varied sediment channel thickness and PI topography leading to focused areas of high fluid pressure.
The high-V p /V s feature A (Fig. 5d ) is located downdip of HRZ-2; the two features are likely to represent a substantial region with a relatively thick sediment channel and high fluid pressure. Onshore there is a ∼15-km-thick section of overlying ECA crust, compared to the ∼7-km-thick accretionary wedge above the offshore thick HRZ. V p /V s varies dramatically along the strike of the plate, as shown in the onshore profile shown in Fig. 7 , which is consistent with both variable thickness of the sediment channel and variable fluid pressure. There is a near absence of seismicity immediately at the PI and in the crustal portion of the anomaly A (i.e. above the PI).
Along the margin, Bell et al. (2010) interpret several other subducted sediment reflectivity zones, which are separated by areas with little to no subducted sediment (Fig. 1) . Two of these other reflective zones are labelled as HRZ-1-3 and LRZ on Fig. 4(a) and in cross-section on Fig. 5 . From our results V p appears to be low in these specific zones, while there is no V p /V s resolution of these zones (as they are too far offshore). Relatively high V p /V s is imaged from 8 to 15 km depth in the area onshore from these reflectivity sediment regions, although the feature A discussed above is the only zone with extremely high V p /V s .
Comparison to shallow SSE and slip deficit
The broad region of subducted sediment offshore (HRZ-1-3) appears to be spatially correlated with the region of shallow SSEs observed in this area of the northern Hikurangi margin ( Fig. 1 ; Bell et al. 2010) . This large scale heterogeneity at the PI, along with inferred high fluid pressure, may be fundamentally related to the shallow SSEs that are short in duration (∼2-3 weeks), extend over most of the PI and occur in a region that is also experiencing aseismic creep (Wallace et al. 2012) . In central Japan slow slip and low-frequency earthquakes at 30-40 km depth have been related to high fluid pressure, where seismic imaging shows high V p /V s in the oceanic crust and varied fluid transport properties, in a region near the downdip extent of the locked PI (Kodaira et al. 2004; Kato et al. 2010) .
The seismic velocity properties are not uniform across the shallow SSE (northern) region. The onshore feature A, with inferred high fluid-pressure, extends further downdip than the SSEs observed in the last 10 yr. The pronounced SSEs that occur regularly near Gisborne at 10-15 km depth have maximum slip south of the features HRZ-2 and the V p /V s feature A (Figs 5d-e) . Note that the areas imaged by the onshore V p /V s and the offshore reflection profile do not overlap (Figs 4e and f) , and hence it is reasonable that A and HRZ-2 are showing a continuous feature. As seen in Figs 4(e)-(f), the SSEs are not solely related to the fluid-rich subducted sediment feature A-HRZ-2, since the SSEs are more extensive and centred where there is less inferred sediment thickness, near the upper plate volcanic block D and weak reflectivity LRZ.
The SSEs do however appear to be related to the longer zone of high V p /V s and inferred high fluid pressure in the underlying oceanic crust, which is most prominent at y = -515 (Figs 5e, 7) . This specific zone has abundant seismicity throughout the thick subducted Hikurangi Plateau crust (Figs 5e-f), which is consistent with a fractured region facilitating water migrating upward from slab dehydration. The numerous distributed earthquakes would maintain relatively high fracture permeability. The very high V p /V s is limited to the upper 10 km of the crust and the base of the dense seismicity has moderately low V p /V s . The upper crust may serve as a relatively large incompressible reservoir, under the PI shear zone, and thus facilitate large dilatant strengthening such that SSE in the section obtain larger slip than in adjacent sections. In central Japan, the subducted ridge oceanic crust described by Kato et al. (2010) may also be a feature that promotes dilatant strengthening. With numerical modelling, Segall et al. (2010) and Liu (2013) have shown that greater dilatancy produces larger SSE slip.
The northern Hikurangi margin has weak plate coupling, but the pattern varies and significant downdip slip deficit (>10 mm yr -1 ) is obtained onshore at only one location (Wallace et al. 2012) which is near feature A (Fig. 4c) . In addition to spatially coinciding with the low V p , high V p /V s feature A and HRZ-2 offshore, the deeper slip deficit zone matches the location of a M w 5.6 subduction thrust earthquake (Doser & Webb 2003) , which occurred on the downdip edge of A (Figs 5d, .
Thus the region A-HRZ-2, interpreted here as subducted sediment, appears capable of both SSE and stick-slip event, as well as aseismic slip. The thick sediment zone could potentially have varied behaviour on different slip surfaces within the sediment zone and the fault zone might be considered as a volume. Fagereng & Sibson (2010) consider that subduction channel shear zones are 1-2-kmwide heterogeneous zones of weak and strong components which allows varied seismic and aseismic deformation within the zone. If the SSEs are related to fluid properties near the slab surface, then the SSE slip may be near the slab surface whether or not there is overlying thick sediment. At the top of the sediment channel, above the SSE slip, there may be another slip surface with different frictional properties which could accumulate part of the long-term slip deficit, as the subduction thrust may migrate upward as the sediment channel dewaters (von Huene et al. 2004) . Alternatively, there could be discrete velocity weakening patches which are large enough to allow moderate PI earthquakes to nucleate within or near the transitional friction sections, with the dynamic rupture then propagating outward (Faulkner et al. 2011) . In the northern Hikurangi margin, the seismic behaviour and constitutive properties do not vary in a simple manner, suggesting that numerical models involving a 2-D fault rupture model would be insufficient for capturing rupture dynamics.
Properties of the Hawkes Bay and Cape Kidnappers section
Thick zones of subducted sediment are also observed on marine seismic reflection profiles across Hawke Bay, which image a seamount updip from the HRZ-1 region ( Fig. 1; Bell et al. 2010) . In comparison to the northern offshore PI region, the Hawke Bay region has a wider accretionary wedge, with major thrust faults in the upper plate (Wallace et al. 2009) . In this region the 3-D velocity results show low V p and high V p /V s offshore (Figs 4 and 5g) , consistent with high fluid pressure, while the highest V p /V s at the PI is in the vicinity of the shallow SSE (although the V p /V s resolution declines offshore across Hawke Bay).
Along-strike there is a change in material properties 25 km south of the Hawke Bay coast (Fig. 7, y = -370) . Near Cape Kidnappers, there is a region of very high V p /V s at shallow (<10 km) depth (Figs 4d, e and 7). At greater depth, the high V p /V s feature extends into the subducting crust, suggesting high fluid pressure both above and below the PI. Below the high V p /V s feature seismic activity levels are high in a ∼50-km-long zone from 30 to 45 km depth, which is in the lower crust of the subducted plate and/or upper mantle, (depending on the thickness of the Hikurangi Plateau). This dense seismicity occurs in two patches separated by a narrow aseismic zone at (Fig. 7d, y = -377) , in the vicinity of the 1993 M w 5.6 Tikokino PI earthquake and the 1931 M s 7.8 Hawke Bay upper plate earthquake. It would appear that some structures or properties in the subducted crust are encouraging seismic deformation and promoting fluid flux. There are varied regions of fluid production and fluid flow within a subducted slab, and fluid movement within the slab (Faccenda 2014) , so the dense seismicity need not be directly correlated with a dehydration site. Offshore the southern North Island, seismic reflection profiles show that the subducting slab contains 2-3 km of Late Cretaceous mudstone above the Hikurangi Plateau (Plaza-Faverola et al. 2012) . There also are varied terranes and fault structures in the overlying plate, with dense active faults south of Cape Kidnappers (Fig. 1) . All of these factors may relate in this transitional zone where we observe distinct features from the near surface to the slab mantle.
A sharp transition from weak to strong coupling is inferred to occur in this region (Wallace et al. 2004) , with the stronger coupling beginning near the southern end of the upper crust high V p /V s and inferred high fluid pressure feature (Fig. 7) . This observation is consistent with the concept that weak interseismic coupling may be more likely where there is fluid flux across the PI, and strong coupling is related to the inability of dehydration-released fluid to cross the PI (Reyners & Eberhart-Phillips 2009; Eberhart-Phillips & Reyners 2012) . As shown in Fig. 4(c) , the slip deficit contours are orthogonal to the coast and closely match changes in V p as well as V p /V s . This distinct change in material properties also relates to a transition in the ECA terrane. The Coastal block (Fig. 1) of Moore (1988) bears connection with the northeastern ECA based on the Red Island volcanic-sedimentary sequence, located 20 km south of Cape Kidnappers, and other volcanic complexes (Lee & Begg 2002; Lee et al. 2011) . The northern Coastal block (N, Fig. 1 ) and the ECA both show extensive bentonite melange that may be diapiric, while no melange is shown to the south (Moore 1988; Mazengarb & Speden 2000) .
Deep SSEs and 3D properties
There is an elongated region (F) of relatively low V p at 30 km depth southwest of Hawke Bay (F, Fig. 4h ), which corresponds with the location of SSEs observed in that location and at that depth (Wallace & Eberhart-Phillips 2013;  Fig. 1 ). This region also has moderately high V p /V s and low Qp underlying moderately high Qp, which may represent underplated sediments that are uplifting the Kaimanawa Range (Reyners et al. 2006; Eberhart-Phillips et al. 2008) . Smaller magnitude SSEs extend north of the low V p region F, and the moderately high V p /V s at 30 km depth also extends north (Figs 4f and k) . Wallace & Eberhart-Phillips (2013) suggest that high fluid pressure with fluid flux near the PI provides a favourable zone for these SSEs. The Raukumara Range underplated region E also has inferred high fluid pressure at the PI, yet SSEs have not yet been observed in the Raukumara area; the frictional parameters may be fully creeping such that transitional slow slip cannot be achieved.
The general location of this deeper SSE area, near the triple intersection of the overlying plate lower crust and mantle and the subducting oceanic crust, is similar to locations of SSEs and tremor in Cascadia and Japan. In Cascadia, Peacock et al. (2011) relate a 5-km-thick very high V p /V s subducting crust to the slow slip and tremor. They infer that the oceanic crust is over-pressured with 3-4 per cent porosity, while the PI is impermeable until the slab descends to the forearc Moho. Thus in Cascadia, with relatively young subducting slab, the dehydration fluid does not readily migrate into the overlying plate. Low V p /V s felsic forearc crust is considered to play a role in hastening permeability reduction of the fault gouge in the Cascadia slow slip zone (Audet & Burgmann 2014) . In comparison, along southwestern Japan, Matsubara et al. (2009) image low V p , high V p /V s in the lower crust of the overlying plate at 30-40 km depth. They deduce that the lower crust has high pore pressure from dehydration fluid from the underlying oceanic plate, and show spatial correlation with slow slip and tremor. Katayama et al. (2012) model this from laboratory measurements, and infer that lower permeability of the lower crust relative to the mantle wedge allows accumulation of fluid that has migrated upward and above the slab interface, and provides high fluid pressure at the PI near the SSEs and tremor. The Hikurangi subduction margin exhibits fluid flux into the overlying plate, although the band of high V p /V s at 30-40 km is not continuous along strike.
There is intriguing spatial correlation of the deep SSEs, the deep high V p /V s , and seismicity along the Wellington-Mohaka and Whakatane fault zones, considering the relocated seismicity shown in the cross-sections (Figs 1 and 5e-h ). There is little seismicity in the overlying plate along the northern Hikurangi margin. Uppercrust seismicity, which extends below 15 km depth in the area above the deep SSEs, where the PI is 30-50 km deep, appears to be broadly associated with the fault zones. In this section (Figs 5f and g ), there is high V p /V s near and above the PI from 35 to 60 km depth, possibly representing a fluid-rich zone, with water flux involved in both the SSE and crustal seismicity processes. There may be some interplay between the location of the crustal fault zones and underlying water release and accumulation, which can promote strain localization (Getsinger 2013) .
C O N C L U S I O N S
Seismic properties surrounding the PI zone from 8 to 70 km depth have been obtained for the northern Hikurangi zone, with much higher resolution than previous studies, using a higher station and data density and progressive inversion. Incorporation of numerous onshore-offshore active source data greatly improves the image of the shallow subduction zone.
An extensive subducted sediment region is inferred from a 70-km-long high V p /V s feature with high conductivity that is situated above the PI, This region is laterally bounded by high V p Cretaceous volcanic blocks in the overlying plate, suggesting that the thickness and effectiveness of the subducting sediment channel is greatly influenced by heterogeneity in the overlying plate. Further downdip, thick underplated sediments, shown as a low V p , high V p /V s , conductive zone, are inferred to be uplifting the Raukumara Range.
The section with frequent large shallow (<15 km depth) SSE's has high V p /V s and inferred high fluid pressure in the PI region, including the underlying oceanic crust, and several regions of thick subducted sediment. The most prominent highest V p /V s subducted sediment zone appears capable of both SSE and stick-slip events consistent with a model where wide subduction channel shear zones contain varied heterogeneous slip surfaces.
The underlying subducted plate, which has thick oceanic crust of the Hikurangi plateau, shows varied V p /V s , and exhibits distributed seismicity that we relate to migration of dehydration fluid. The SSE patch with highest slip may be caused by large dilatant strengthening where a zone of high seismicity connects the high V p /V s upper oceanic crust to the upper mantle of the subducted slab.
Small deep SSEs (25-45 km depth) occur along a zone of high V p /V s and low Q, in a region of active shear zones and microseismicity. High fluid pressure near the PI may enhance SSEs and vertical fluid flux may promote strain localization and microseismicity.
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